Recently, a number of diverse correlative light and electron microscopy (CLEM) protocols have been developed for several model organisms. However, these CLEM methods have largely bypassed plant cell research, with most protocols having little application to plants. Using autophagosome identification as a biological background, we propose and compare two CLEM protocols that can be performed in most plant research laboratories, providing a good compromise that preserves fluorescent signals as well as ultrastructural features. These protocols are based on either the adaptation of a high pressure fixation/GMA acrylic resin embedding method, or on the Tokuyasu approach. Both protocols suitably preserved GFP fluorescence while allowing the observation of cell ultrastructure in plants. Finally, the advantages and disadvantages of these protocols are discussed in the context of multiscale imaging of plant cells.
Introduction
Research in plant cell biology has benefited from a diversity of microscopy techniques that exploit a broad range of cell exploration methods. For instance, light microscopy (LM) allows the observation of specifically tagged proteins and their distribution and dynamics at the scale of the whole cell or tissue, whereas transmission electron microscopy (TEM) provides access to the ultrastructural level of cell organization. However, combining LM and TEM to investigate the same object has long been a methodological challenge in cell biology. Correlative light and electron microscopy approaches (CLEM) have been developed over the last 40 years, particularly leading to a great expansion in protocols in the last 15 years. These protocols have arisen along two main axes that respectively define the direct and indirect CLEM approaches (Loussert Fonta and Humbel, 2015) . Indirect CLEM protocols are based on an initial LM screening of the sample at an early step in the specimen preparation (e.g. during live imaging or before sectioning). After completion of the sample preparation, regions of interest are then targeted for further observation at higher magnification by TEM (Kolotuev et al., 2012) . In these indirect CLEM protocols, LM and EM (electron microscopy) images cannot be directly superimposed for a correlation process. In contrast, direct CLEM allows the direct superposition of specific fluorescent signals (LM) with cell ultrastructural features (TEM). This correlation may be achieved in multiple ways, all of which exploit the ability to observe the same section at both the LM and TEM levels (van Driel et al., 2008) .
Whereas this great increase in CLEM protocols was developed in different eukaryotic models (i.e. yeasts, nematodes, animal cells and tissues), reports on plant cell exploration by CLEM remain scarce. Most indirect CLEM protocols have little application in plants, since many were designed for adherent cells (Brown et al., 2009; Heiligenstein et al., 2014) , which are not found in plants. One recent study employing CLEM in plants (Bell et al., 2013) presented a compromise between the direct and indirect CLEM protocols. Specifically, the authors proposed to observe fluorescent signals by LM on a thick section, while the immediately following ultrathin section was imaged at the TEM level. Although this study successfully correlated fluorescence and TEM images of cellular structures, most of the subcellular compartments were too small to be analyzed by this approach. Thus, there is still a great need for improved direct CLEM protocols that can correlate fluorescent signals and ultrastructural characteristics in plants.
Several plant features have to be taken into account when optimizing direct CLEM protocols. Strong autofluorescence of plant cell components may interfere with the fluorescent signals of reporter proteins. In addition, the presence of a large central vacuole complicates the fixation and dehydration processes needed for TEM processing, while the cell wall and cuticles act as physical barriers that may impair resin penetration into the different cell layers, affecting the overall embedding process. To circumvent these issues, we report here two robust and easily reproducible protocols that use autophagosome identification in plant cells for the development of CLEM approaches. Autophagy is a degradation process that targets intracellular components, which enables their recycling. Many types of environmental stress induce an autophagic response, in particular nutrient starvation (Le Bars et al., 2014) . This response consists in the transport of cytosolic cargo entrapped in a membranous compartment (the autophagosome) to lytic compartments for their degradation. As in any eukaryotic cell, characterization of autophagosomes in plant cells at the LM level is often based on the use of fluorescently tagged proteins that are part of the autophagy machinery (and transiently recruited to the autophagosomal membrane). These proteins have been described as small punctate structures with a diameter of a few hundred nanometers (Le Bars et al., 2014) , although the ultrastructural features of their fluorescent signals remains to be determined. At the EM level, autophagosomes have been described as a doublemembrane compartment enclosing cytosolic compounds. However, their identification at the EM level, which is solely based on these morphological features, is controversial and may lead to misidentification of these structures. Although one way to circumvent this methodological issue could be to perform correlate LM and TEM immunolocalization studies of ATG proteins specifically involved in autophagosome formation, this has been difficult for technical and biological reasons. Indeed, most of the standard procedures for immunolabeling of biological specimens are not compatible with combined LM-TEM observations. Moreover, a number of factors could complicate the use of bi-functional probes to correlate immunolocalization at the LM and TEM levels when studying autophagosome formation, including: the short life of this process; the transient targeting of ATG proteins to the autophagosomal membrane; the low level of proteins involved; and the weak ratio between the targeted membrane and the cytosolic diffuse form of the proteins. This highlights the importance of using CLEM to identify the changes in membrane organization that correspond to the specific recruitment of fluorescent ATG proteins observed at the LM level, in order to understand the complex process of autophagosome formation.
Plant cell biology research is largely driven by the use of green fluorescent protein (GFP) technologies. Respectively, we have based the development of our protocols on the observation of transgenic lines that stably express a GFP-tagged ATG8. The homolog of LC3 in mammals, ATG8 is the only protein that is covalently bound to the autophagosomal membrane, and is therefore a common marker for autophagosomes. We have compared the performance of high-pressure freezing followed by acrylic resin embedding with the potential of the Tokuyasu method to preserve GFP fluorescence and enhance ultrastructural features in plant cells. Our study thus establishes two strong protocols for obtaining the proper compromise between preserving a recordable fluorescent signal and optimizing the TEM image resolution for an accurate correlation process.
Plant CLEM based on HPF and GMA embedding
High pressure freezing (HPF) is the favored fixation method for CLEM protocols that are based on a resin embedding process. Indeed, HPF results in an improved preservation of protein properties as compared to chemical fixation, and therefore a better conservation of GFP fluorescence can be expected (Kang, 2010; Robards, 1991) .
Attempts to preserve the fluorescence of reporter proteins such as GFP in EM-processed specimens have previously been reported for different acrylic resins (Bell et al., 2013; Kukulski et al., 2011; Watanabe et al., 2012) . Among the well-known detrimental effects of chemical agents on fluorescent proteins is the full dehydration process required for TEM specimen preparation, which may be a source of severe distortion for molecular structures such as the chromophore of fluorescent proteins (Tsien, 1998) , resulting in the loss of their physico-chemical properties. This dehydration process is also a serious concern in plant samples, challenging the maintenance of the structure within samples where water typically represents 80-95% of the mass of growing tissues. We selected the acrylic resin GMA (glycol methacrylate; Thompson and Wolniak, 2008) as a potential candidate to develop our plant CLEM protocol, as it can maintain 5% of the water in a sample during the embedding process. We therefore adapted the embedding protocol described in Watanabe et al. (2012) for plant samples (Table 1A ). First, we increased the incubation time for resin infiltration at least twofold, to allow a proper penetration of the resin into the entire organ and through root cell walls. Second, in our study, it was necessary to increase the thickness of sections to 250 nm in order to increase the fluorescence signal intensity for LM observations. Finally, sections were collected on grids and directly placed between a glass slide and a coverslip, immersed in water. Under these conditions, GFP signals could be observed as presented in Fig. 1 . LM observations were performed one day after sectioning at the latest, as the fluorescent signals decreased strongly with the oxidation of the samples.
A comparative study between the optical systems present in the laboratory may help to determine the right choice of LM configuration for observing GFP signals. In our case, LM observations can theoretically be performed with any kind of fluorescence wide-field microscope equipped with a 63Â or 100Â oil immersion objective, as long as its detector offers sufficient sensitivity. However, confocal scanning laser microscopy could present an advantage by providing spectral information that may discriminate autofluorescence from the GFP signal in sections. Furthermore, the use of a spinning disk may help to decrease the phototoxicity process during the observation. Regarding our own Protocol A based on GMA embedding (outline in Table 1) , the signal-to-noise ratio is clearly improved when 250 nm-thick sections were observed ( Fig. S1 ). In contrast, discriminating between GFP-positive signals and autofluorescence was difficult at 80 nm (data not shown). Nevertheless, we found the three optical systems used to detect GFP signals (spinning disk, SP8 confocal and wide-field) to be efficient when the sections were deposited on glass slides. When samples were mounted on copper grids, the GFP signals were capably detected with either a wide-field microscope or a spinning disk, whereas GFP signals were barely observable with a confocal scanning microscope due to the high level of GFP photobleaching that occurred when lasers were used as light sources.
The results from evaluating the signal-to-noise ratio in each case confirmed our choice to pursue our study with a wide-field microscope using 250 nm-thick sections (Fig. S1 ). We used an inverted conventional wide-field microscope equipped with a CCD camera (ORCA-ER-1394, Hamamatsu) and a metal halide bulb (EL6000, Leica) for routine observations.
The GFP-ATG8 fluorescence pattern consisted of bright spots that were easily distinguishable by LM ( Fig. 1A, arrows) , accompanied by some diffuse cytosolic signal. These observations are in line with a previously reported pattern of GFP-ATG8-labeled structures in live cell imaging (Le Bars et al., 2014) . The fluorescent image was superimposed with a DIC image ( Fig. 1A) to identify the region of interest (ROI) for subsequent TEM exploration, and sections were contrasted with uranyl acetate (Table 1A ). In the course of our Place the gelatin block on specimen carriers for cryosectioning (Leica Microsystems, 16701950) . Plunge in liquid nitrogen.
Storage
Storage Blocks are stored protected from light and O 2 at À20°C in vacuum bags (Ziploc Ò ) until 6 months prior to use, in order to detect a decrease in the fluorescent signals.
Samples are stored in liquid nitrogen until 6 months prior to use, in order to detect a decrease in the fluorescent signals.
Sectioning
Sectioning Addition of fiducials Collect 250-nm sections on 200 mesh copper formvar carbon-coated grids.
Incubate the formvar carbon-coated finder grids (Agar scientific, G2761C) for 5 min with 0.1% poly-L-lysine. Wash 10 times with water. Incubate for 1 min with 100 nm gold particles (Ted Pella, EM.GC100).
Blot and allow to dry.
Addition of fiducials
Sectioning Incubate 5 min with 0.1% poly-L-lysine. Wash 10 times with water. Incubate 1 min with 100 nm gold particles (Ted Pella, EM.GC100). Blot and allow to dry.
Trimming and sectioning at À100°C. Collect 80-nm to 100-nm sections with a 2% methylcellulose: 80% sucrose drop (1:1 vol:vol) and place on the grids. Store samples at 4°C in a humid environment.
LM observation
Mounting Mounting Place grids on a drop of water in a 35 mm Petri dish with glass bottom (CellView TM , Greiner Bio-One, 627861), with the sections oriented towards the glass coverslip.
Rinse grids in water. Draw a ring of high vacuum grease (e.g. FOMBLIN Ò grease) with a toothpick on a coverslip. Place a drop of water inside the ring. Place the grid on the drop, with sections facing toward the coverslip. Place the coverslip on a glass slide. LM Acquisition LM Acquisition Samples are observed with an epifluorescence inverted microscope (DMI6000B, Leica) equipped with a 63Â oil immersion objective (NA: 1.40), a metal halide fluorescent light source (EL6000, Leica), a GFP filter block (BP exc 450-490, DS 500, BP em 500-550) and a Hamamatsu ORCA-ER-1394 CCD camera.
Samples are observed with a Nipkow Spinning Disk confocal system (Yokogawa CSU-X1) equipped with a 100Â Apochromat oil-immersion objective (NA: 1.40), a blue laser (491 nm Cobolt Calypso DPSS, 100 mW), a dual-band dichroic mirror (491/561 nm, Chroma) with a 525/45 nm band-pass filter, and an EMCCD Evolve camera (Photometrics).
TEM observation
Contrast Contrast 10 min in 2% aqueous uranyl acetate. 3 rinses in water. Dry with filter paper. 2 min in lead citrate. 3 rinses in water. Dry with filter paper. 5 min in 2% aqueous uranyl acetate. 3 rinses in water. 2 rinses in 2% uranyl acetate in 2% methylcellulose (UA-MC). 5 min in UA-MC. Pick up sample with a wire loop and drag over a filter paper to remove excess MC. Air dry and remove from the loop. TEM Acquisition TEM Acquisition Samples are observed with a TEM JEOL1400 operating at 120 kV.
Samples are observed with a TEM JEOL1400 operating at 120 kV. study we found that observation of 250 nm-thick sections required a TEM operating at 120 kV. Proper GMA infiltration in Arabidopsis roots was difficult to achieve even when infiltration times were largely increased. Poor quality GMA infiltration sometimes appeared around the cell wall ( Fig. 1B, black arrow) , making sections fragile with TEM. However, we did achieve a good preservation of cell ultrastructure, resulting in easily recognizable mitochondria, Golgi apparatuses, reticulums and vacuoles ( Fig. 1B-C) .
In our protocol, EM micrographs must be acquired at two magnifications, with a first image taken at low magnification (between 1000Â-5000Â) to correlate with the LM image ( Fig. 1B) and a second image at high magnification (between 8000Â-20,000Â) to identify the cell structures localized beneath the fluorescent point location (Fig. 1C) . The overlap between the LM and EM images is then obtained using standard plugins available in Fiji (TurboReg; Keene et al., 2014) or Icy software (EasyClem; Paul-Gilloteaux et al., 2017) . Distinct landmarks such as cell corners, the nucleus and vacuoles may be used to correlate LM and EM observations. These features can provide a rough overlap, giving the approximate location of the fluorescent points in the EM section. However, we recommend increasing the reliability andresolution of the LM/EM correlation process by using dedicated landmarks such as gold beads. In Fig. 1D -F, 100-nm gold particles were applied on sections collected on grids and were discernible by LM ( Fig. 1D) and EM (Fig. 1E) , permitting an LM-EM correlation (Fig. 1E) . We thus obtained a precise overlap of the LM fluorescent signal and the subcellular structures observed by TEM. Furthermore, the characteristics of autophagosomal structures were detectable at higher magnification (Fig. 1F) .
Several fluorescent structures were not related to any membranous organelles at the EM level (Fig. 1A, arrowhead) . However, 2D projections of thick sections can be misleading and result in the incorrect identification of fluorescently labeled structures. As an alternative, tomography could be performed on thick sections.
These results demonstrate that our CLEM method based on HPF/FS and GMA embedding can successfully preserve GFP fluorescence and cell ultrastructure in plants. This technique is suitable for any EM laboratory equipped with HPF and FS equipment and a 120 kV operating electron microscope. Furthermore, this approach does not require any specific adaptation for CLEM. In our case, it was necessary to use 250 nm-thick sections in order to detect the fluorescent signal, although this thickness may impair image resolution at the LM level. Nevertheless, it does favor a higher resolution at the EM level, as tomography approaches could be performed on sections of this thickness. We note that this protocol is also compatible with immunogold labeling approaches (Fig. S2) .
Plant tissue embedding by GMA resin is not always of good quality (even when the infiltration time is largely increased), which may render TEM observation tedious and serial sections difficult to obtain. To address this issue, plant biologists have typically favored the use of other hydrophilic resins such as LR White (Bell et al., 2013) , which is reportedly easier to section, although the damaging effect of the resin monomers on cell structure may be an issue.
We subsequently explored an alternative plant CLEM protocol that could compensate for the flaws in this HPF/FS/hydrophilic resin protocol.
Tokuyasu cryosectioning to preserve GFP
We next considered the Tokuyasu method (Tokuyasu, 1973) . This method, based on ice embedding, has the potential to be less detrimental to the fluorescent properties of the specimen, as it avoids the use of solvents and resin that are reportedly harmful for preservation of protein properties (Slot and Geuze, 2007) . For this, samples are simply fixed with paraformaldehyde, rinsed in buffer, and dehydrated in a concentrated sucrose solution before freezing in liquid nitrogen for cryosectioning. This technique has been widely used for immunogold localization, as it perfectly preserves the antigenicity of the protein. It has also been used for immunofluorescence detection in the CLEM protocol with mammalian cells (Cortese et al., 2012) , although the technique has not been thoroughly explored for its ability to preserve GFP fluorescence in EM sections.
Here, we developed a CLEM approach based on the Tokuyasu protocol described in Pimpl et al. (2000) , with an additional step in which the roots are embedded in gelatin prior to sectioning (Table 1B) . This extra step, which was essential to render the root visible during the sectioning process, made it possible to easily obtain sections with a thickness of 80-120 nm, whereas cryosections thicker than 150 nm were difficult to obtain and manipulate. Sections with a thickness of 80 nm are a good compromise for detecting sufficient fluorescent signal and allowing the proper visualization of morphological features.
Several factors can make LM observations of cryosections potentially challenging. First, the mounting of cryosections for LM can be particularly problematic. Specifically, using methylcellulose to collect the cryosections from the grid does not permit a close enough contact between the grid and the coverslip. However, this close contact is absolutely necessary for an optimal fluorescence detection, especially in the case here of using high numerical aperture objectives with a low working distance. We therefore rinsed grids in water to partially remove methylcellulose and mounted the cryosections between a slide and a coverslip, as outlined in Table 1B . This step also requires the careful removal of the coverslip and grids without damaging the cryosections. Second, the choice of the LM configuration depends on the amount of the fluorescence within the sample, and on the section thickness. We compared the fluorescence intensity recordings of GFP-labeled structures using three different optical systems (Fig. S3 ). As previously described for the GMA protocols, the intensity of the GFP fluorescent signal increased with section thickness. However, and in contrast to the GMA-based protocol, the signals could still be reliably recorded using 80 nm-thick sections. The best results were achieved using a spinning disk confocal laser scanning microscope coupled to an electron multiplying CCD (EMCCD) camera. This setup was the right compromise for our study, as it provided the combination of a powerful light source and an excellent sensitivity to low fluorescent signals with decreased phototoxicity. We therefore conducted our experiments with this configuration, using 80 nm sections in order to improve the image resolution.
We observed several bright spots in our fluorescence images ( Fig. 2A, arrowheads) in addition to a diffuse signal within the cytoplasm. This pattern is in agreement with a previous description of ATG8-labeled structures (Le Bars et al., 2014) . After LM observations, the grids were contrasted with uranyl acetate (Table 1B) and observed by TEM. We found that this procedure improved section quality in comparison to samples embedded in GMA resin. Indeed, ultrastructural features were easily recognizable ( Fig. 2B-C) : membranes delimiting such compartments as the Golgi apparatuses or vesicles were clearly visible and properly preserved. Moreover, we were able to perform serial sectioning for at least 5-6 adjacent sections without any significant difficulty (Fig. 3) .
The merging of LM and EM images was performed as previously described when using the GMA resin protocol (i.e. using either natural landmarks or gold particles as fiducial markers), with the exception that here the gold particles were deposited on the grid before collecting the cryosections (Table 1B) . Indeed, the presence of methylcellulose impaired the deposition of gold particles on the section. This indicates that gold particles were unable to remain attached to the section during washing and/or their placement was disturbed between the LM and EM acquisition steps. It was therefore necessary to apply gold particles on the grids before the collection of cryosections. Most of the fluorescent signals were identified as autophagosome-like structures at the EM level. As observed during GMA embedding, some fluorescent signals that were detected on one section did not correlate with the autophagosome-like structure (Fig. 3A, right column) . However, observations of serial sections ( Fig. 3B -C, right column) indicated that these fluorescent signals were also identified in the subsequent sections, where the structure of an autophagosome membrane was revealed.
In summary, we successfully performed CLEM with plant samples using the Tokuyasu protocol, which makes it possible to preserve the GFP fluorescence in ultrathin sections as well as in the cell ultrastructure. Moreover, this protocol has made it possible to perform immunogold labeling approaches (Le Bars et al., 2014) .
Conclusion
CLEM has become a widely used investigative approach in cell biology, resulting in the publication of a variety of protocols, primarily for cell cultures. The main challenge remains to adapt these protocols to complex structures such as plant tissues. The two protocols presented here allowed the preservation of GFP fluorescence, and accurately conserved the ultrastructure of subcellular organelles in plant roots. The advantage of the first protocol, based on GMA embedding, is its compatibility with HPF, a state-of-the-art method to fix rapid events and avoid chemically induced artifacts. However, when cryofixation is not absolutely required, the Tokuyasu protocol appears to be the faster and more convenient protocol for performing CLEM on plant tissues. Specifically, the Tokuyasu The inserts indicate the corresponding ROIs magnified in the middle column. Scale bar: 10 mm. Middle column: Overlap between LM fluorescence images and TEM low magnification micrographs in 3 serial sections corresponding to the ROI in the left column. The arrow in (A) indicates the ROI magnified in the right column. Alignment of LM and EM images was performed using TurboReg (Fiji). Scale bar: 0.5 mm. Right column: High magnification of the corresponding ROI from the middle column. No recognizable autophagosomal-like structure was found in the first cryosection (A), suggesting a false signal. However, the autophagosome structure was clearly associated with the GFP-ATG8 fluorescence in the two consecutive sections (B and C). Scale bar: 0.5 mm. protocol requires two days for specimen preparation, versus eight days with GMA embedding.
Our results indicate that the right compromise between the preservation of a recordable fluorescent signal and the optimization of the TEM image resolution can be achieved by adjusting the thickness of the sections and LM configurations. For example, thin sections allow fine ultrastructural observation at the EM level, whereas thicker sections increase the amount of fluorescent signal. Thick sections also make it possible to use electron tomography approaches with 3D structures. The choice of the optical configuration for LM observations also depends on the fluorescent signal, and the investigator must be aware of the fluorescent properties (i.e. spectrum, quantum yields, and pattern) of the biological material to accordingly adjust the CLEM protocols.
In the future, research employing CLEM to observe resin sections will increasingly use the scanning electron microscope (SEM) as an alternative to TEM (Rizzo et al., 2015) . Indeed, the wider field of view offered by SEM and the ability to collect serial sections directly on a glass coverslip are more compatible with LM imaging. Furthermore, in our comparative studies, the GFP fluorescent signal was always higher when sections were deposited directly on glass slides. Finally, glass coverslips are easier to manipulate than grids, and inflict less damage to the sections.
The ability to correlate between super-resolution approaches at the LM and EM levels will represent a major breakthrough in plant cell imaging, as it makes possible a sharp localization of the fluorescent signal. Presently, ''Super-CLEM" approaches are emerging in research with eukaryotic cells. It is also worth noting that GMA embedding has been reported as a suitable protocol for super-resolution approaches (Watanabe et al., 2012) . Clearly, the combination of protocols presented here with super-resolution techniques will help provide innovative ways to explore plant cell structure and function.
